Abstract Olfactory disorders have been regarded in the past with a sense of therapeutic nihilism. However, there have been remarkable advances in chemosensory research over the past several years. The clinical importance of olfactory disorders is well established, and entities such as presbyosmia have gained considerable broad attention. Powerful basic science experimental approaches have revealed aspects of olfactory neuron physiology, olfactory tissue maintenance, and regeneration that provide new potential therapeutic targets for certain forms of olfactory dysfunction. Although many recent advances remain in pre-clinical stages, there is considerable reason for optimism regarding future approaches for treatment of patients with olfactory loss.
Introduction
Disorders of the sense of smell are estimated to affect approximately 14 million Americans [1] and may negatively impact quality of life, safety, and nutrition. Remarkably, recent population-based research has also indicated that olfactory decline in the elderly is an independent risk factor for 5-year mortality, although the mechanism underlying this association is unclear [2, 3 •• ] . Improved understanding of the pathophysiology underlying various forms of olfactory loss and novel effective therapeutic options for these conditions are areas of importance.
A variety of clinical conditions can result in olfactory loss. Broadly, problems may be considered to be conductive or sensorineural, although these are not necessarily mutually exclusive. In conductive losses, pathology blocks inspired odorants from reaching the olfactory cleft in the nasal cavity. In sensorineural losses, the dysfunction is attributed to the olfactory receptor neurons or their central projections. Examples of conductive or mixed losses include nasal polyps or chronic rhinosinusitis. Examples of sensorineural losses include genetic mutations, acquired conditions such as prior head injury, or prior viral upper respiratory infection that has, presumably, damaged the sensory structures. In addition, evidence suggests that presbyosmia, or an age-related olfactory decline, is a sensorineural loss [4] [5] [6] 7 • ].
Regarding conductive olfactory losses, such as chronic rhinosinusitis, many clinical studies are including olfactory outcomes in their measures and are informing our management strategies for this problem [8, 9] . Sensorineural losses, however, remain a clinical challenge and will be the focus of this review. Considerable attention has been directed recently toward understanding basic aspects of olfactory neuron function. Although new treatments are not yet readily available, these research efforts are revealing mechanisms that may define new therapeutic targets. Here, we will focus on recent advances regarding olfactory neurobiology, specifically regarding ciliopathies, inflammation, presbyosmia, and basal cells, with an emphasis on how these findings are likely to translate into new treatment strategies.
Background
Organization and function of the peripheral olfactory system
The human olfactory system functions as a remarkable chemosensory apparatus, capable of detecting and discriminating a vast array of inspired odorants [10] . Several aspects of the organization of the peripheral olfactory system have direct implications for understanding important pathophysiologic conditions. Therefore, key subjects warrant further elaboration here. Among the most relevant of these are (1) the transduction apparatus used by olfactory neurons; (2) specialized neuronal structures, cilia, that are critical for neuronal function; and (3) the ongoing epithelial self-renewal that is required to maintain a functional neuron population.
Most of the human nasal cavity is lined by a mucussecreting non-sensory respiratory mucosa. The exception is the olfactory cleft, or the region along portions of the superior nasal septum and corresponding vertical lamellae of the superior turbinates, and limited areas of the middle turbinates, which is lined by olfactory neuroepithelium [11] . The specialized neuroepithelium houses the bipolar olfactory receptor neurons, which function to transduce inspired odor molecules into a neural signal (Fig. 1) . How are chemical odorants detected, discriminated, and coded? This is a highly complex problem: for their work elucidating molecular mechanisms involved in chemosensation, the Nobel Prize in Physiology or Medicine was awarded to Buck and Axel in 2004 [12] . They identified a very large family of transmembrane odor receptor genes, revealing that each olfactory neuron expresses one receptor gene, from &350 possible choices in humans. Neurons expressing the same receptor are scattered stochastically across broad regions of the neuroepithelium, but their axons converge to synapse with second-order mitral cells at the same positions, or glomeruli, in the olfactory bulbs of the brain [13] . Thus, it is the activation pattern of these glomeruli in the bulb that encodes odor exposure information.
As the first step in this process, odors interact with receptor proteins on a specialized portion of the olfactory neuron (Fig. 1) . The neurons extend a dendrite to the apical surface of the epithelium, at the nasal airspace. Here, multiple cilia extend from a dendritic knob. The odor receptors are localized at the membrane of the neuronal cilia, along with other odor transduction proteins. It is felt that this specialization greatly increases the surface area with which odor molecules can interact with odor receptors [12] . Given the prominent role of olfactory neuronal cilia in odor transduction, it is not surprising that disorders in which cilia function is perturbed can be a cause of anosmia [14] [15] [16] . Indeed, strategies to correct cilia dysfunction may lead to new treatments for certain forms of anosmia.
Interestingly, olfactory neurons are relatively short lived, with an estimated lifespan of only weeks to months [17] . Because of this, mammals have retained the ability to produce new olfactory neurons from adult stem cells situated in the basal layers of the olfactory neuroepithelium (Fig. 1) . Regulation of self-renewal in the adult olfactory system is an area of active research, revealing the identification of certain categories of basal stem cells capable of generating new neurons [18] [19] [20] [21] 22 • ] as well as signaling pathways involved in this process [7 • , 21, 23] . Problems with olfactory tissue maintenance and/or renewal from basal stem cells appear to be a mechanism contributing to anosmia in conditions such as presbyosmia, post-viral olfactory disorder, or chronic rhinosinusitis [7 • , 24] . Therefore, basal cells are a logical therapeutic target for particular olfactory losses.
Disorders of Olfactory Neuron Function Anosmia Associated with Ciliopathy Disorders
The presence of non-motile cilia extending from olfactory receptor neurons at the surface of the olfactory epithelium has long been recognized. However, it is only recently that the critical importance of cilia function in olfactory neurons has been directly demonstrated [14] . Diseases in which the formation and/or function of cilia is altered are termed ciliopathies. Examples include Bardet-Biedl syndrome, Meckel-Gruber syndrome, and Joubert syndrome. Since cilia are important in a broad range of cell types and tissues, many ciliopathy mutations involve multiple clinical manifestations, such as renal cysts, polydactyly, vision loss, hearing loss, or cognitive deficits. However, it is felt that anosmia is a pathognomonic feature of ciliopathies. Mechanistically, olfactory neurons must assemble their cilia to properly localize several key transduction proteins at the cilia membrane [16] . If odorant receptor proteins and their accompanying transduction machinery are not localized properly in cilia, or if the cilia are malformed (or absent), odor detection cannot occur, resulting in anosmia. Most of the mutations that have been characterized in ciliopathies are loss-of-function alleles. As such, gene therapies aimed at delivering the normal functional protein represent a plausible treatment strategy. Notably, a mouse model of a ciliopathy disorder has been studied to test adenoviral gene therapy [25 •• ] . In this model, the mice are anosmic due to a mutation in an intraflagellar transport protein, which is required for proper cilia assembly. Remarkably, intranasal treatment with adenoviral vectors to deliver the normal transport protein restored both cilia structure and olfactory function. Viral-based gene therapy is a promising approach for anosmia due to ciliopathies, although human clinical trials have not yet been performed. Due to ease of delivery, other forms of olfactory disorders may also be amenable to similar treatment.
Anosmia Associated with Chronic Rhinosinusitis
Although blockage of inspired air due to congestion associated with edema and infection can cause a conductive olfactory loss, there is considerable evidence that ongoing hyposmia or anosmia associated with some forms of chronic rhinosinusitis is due to effects of inflammation on olfactory neurons. A clue that such a mechanism exists is that some chronic rhinosinusitis patients appear to have, by endoscopy or CT imaging, an unobstructed olfactory cleft yet remain objectively hyposmic. Furthermore, such patients may exhibit a steroid-responsive hyposmia. Recent basic science work has provided direct evidence that inflammation can impair or even kill olfactory neurons [24] . A mouse model in which inflammatory cytokines can be inducibly expressed by the sustentacular cells of the olfactory epithelium has been shown to initially cause impaired olfactory neuron function [24] . Over time, with continued over-production of the cytokines, olfactory neurons die, leading to pronounced histologic changes in the neuroepithelium. Importantly, if the inflammatory cytokine production is halted, the basal stem cells within conditions. Here, we utilized a mouse genetic approach to visualize olfactory neurons (green) that were produced from a specific basal stem cell, the c-Kit ? basal cell. A membrane-tethered fluorescent protein reveals the morphology of olfactory neurons, situated in a pseudostratified neuroepithelium, with axons exiting the base of the epithelium to project to the olfactory bulbs, and a dendrite extending apically. c A higher magnification view of the apical dendrite shows that it extends to the airspace, ending in a dendritic knob that elaborates several cilia. It is at the cilia that inspired odorants interact with their receptors on the neurons. Nuclei are stained with DAPI (blue); bar 10 lm. Dashed white line marks the basal lamina (Color figure
the epithelium can produce new olfactory neurons resulting in a restoration of olfactory function [26] . Taken together, these findings demonstrate directly that inflammation can cause a sensorineural hyposmia, and that new strategies aimed at eliminating specific inflammatory mediators may be effective treatments for some forms of sinusitis-associated hyposmia.
Disorders of Olfactory Neuron Maintenance
Because the olfactory epithelium is a self-renewing tissue, it stands to reason that processes that impair neuroepithelial renewal or maintenance may result in sensorineural olfactory loss. The basal cell populations in the olfactory epithelium contain stem and progenitor cells that function to produce new olfactory neurons as needed [27] . Therefore, modulation or replenishment of basal cells may be a focus for future sensorineural anosmia treatment strategies. Recent work has provided new insights into models of olfactory neuron maintenance dysfunction, such as agingrelated olfactory decline (presbyosmia), as well as an increased understanding regarding the biology of olfactory progenitors.
Presbyosmia
A decline in olfactory function with aging has been well documented [1, 28] . However, the cellular or molecular basis for this decline, or for clinically important presbyosmia conditions, has not been fully understood. Furthermore, the broader possible significance of presbyosmia as a clinical entity has not been well documented until recently. Evidence that presbyosmia may have important broad health consequences was provided recently, from a population-based study demonstrating an association with olfactory impairment in older adults and decreased 5-year survival [2] . More recently, an additional large study has examined this association [3 •• ] . The authors used a database of over 3000 adults aged 57-85 to explore for biomarkers of mortality. Anosmia in older adults was found to increase risk of 5-year mortality four times that of normosmic subjects. Controlling for other leading causes of death such as smoking and other factors such as cognitive function, alcohol abuse, or mental health, the study indicates that olfactory function is a strong predictor of 5-year mortality. Presently, it is not clear why presbyosmia is a strong biomarker for mortality, and further research is needed to elucidate the underlying mechanisms. Using human olfactory specimens as well as animal models, there is evidence that maintenance of an intact, healthy olfactory receptor neuron population may fail in presbyosmia [6, 29] . Tissue studies reveal that there is often a patchy replacement of olfactory neuroepithelium with intervening areas of respiratory non-sensory epithelium. Respiratory metaplasia is felt to be a reflection of failed olfactory tissue maintenance, which may be a consequence of exogenous damage and/or limitations related to the reparative abilities of remaining basal stem and progenitor cells. Mechanisms that contribute to the regulation of olfactory maintenance have begun to be understood, providing possible candidate therapies. For instance, a recent report identifies Neuropeptide Y as an olfactory epithelium regulatory factor that may decline with aging [7 • ]. In that work, the investigators examined specific mechanisms that are involved in declines in olfactory neuron maintenance in aging mice and found that Neuropeptide Y signaling may be a therapeutic target. Neuropeptide Y is released from olfactory microvillar cells and has been found to stimulate basal neural progenitor cell proliferation previously [30] . Indeed, basal cell proliferation has been demonstrated to decline with aging in a rat model [5] . Taken together, evidence indicates that olfactory basal cells are critically important to olfactory tissue maintenance in aging or disease.
Olfactory Basal Cells
Given the importance of basal cells in olfactory neuron maintenance, there has been considerable interest in studying this cell population. The presence of proliferative basal cells capable of replacing adult olfactory neurons as needed, and of responding to experimental damage to reconstitute the neuroepithelium, has been recognized for decades [27] . However, recent investigations have utilized powerful approaches to define the identities, differentiation lineages, and regulatory mechanisms for these stem and progenitor cells [20, 21, 22 • , 31] . For instance, genetic lineage tracing and culture work indicates that certain olfactory basal cells are regulated by Wnt signaling [21, 23] . Understanding how olfactory neurons are generated from their precursor cells may lead to new drug therapies for olfactory neuron loss: these findings suggest that modulation of Wnt signaling could be therapeutically useful for certain clinical situations.
In a variety of non-olfactory disorders, cell-based therapies, delivering appropriate stem cells to repair or replace damaged tissue, are being utilized or studied in clinical trials (for review, see [32] ). The gold-standard cell type for stem cell therapies has been the bone marrow mesenchymal stem cell, which has been recognized for over three decades and has been the subject of highly meticulous study. However, the presence of adult neural stem cells in the olfactory epithelium has raised the prospect of utilizing this cell therapeutically, or of treating certain forms of olfactory loss with a cell-based therapy. While there is a growing body of knowledge regarding olfactory basal stem cells, rigorous study will be required prior to safely embarking on a cell-based olfactory treatment. Preliminary animal studies do suggest the feasibility of manipulating and engrafting basal cells [33, 34] . Our lab has identified a population of mouse olfactory basal cells, defined by expression of the surface receptor c-Kit, that is important in the production of adult olfactory neurons [22 • ]. Experiments using a genetic approach to selectively delete c-Kit ? cells demonstrate that this population is required for adult olfactory tissue maintenance. Therefore, this and similar basal cell populations are of particular interest for further study. It is important to note that many reports have also focused on non-basal cell populations obtained from nasal turbinate connective tissue, and these cells, while potentially useful, are a distinct ''mesenchymal-like'' population of unknown in vivo function, which have not been shown to produce olfactory receptor neurons [35] . Precise use of proper terminology to describe cell populations under study will be necessary to avoid confusion as stem cell research continues to evolve.
Current Treatment Strategies, Controversies, and Future Directions
At present, disorders of olfaction remain a difficult clinical problem. Ruling out treatable conditions or serious pathology with appropriate imaging is often very helpful to patients. Multiple studies over recent decades have examined potential treatments. Unfortunately, there is insufficient evidence for the effectiveness in humans for therapies such as zinc, theophylline, minocycline, vitamins, lipoic acid, acupuncture, and others [36] . As such, it is important to avoid offering ineffective options. Considering the available evidence, recommendations and treatment controversies for specific diagnoses are discussed here (see Table 1 ).
Sinusitis: olfactory loss in the setting of chronic rhinosinusitis may be considered to be due to obstruction of the olfactory cleft and/or may be associated with sensorineural dysfunction due to inflammation. Improvement may be achieved via maximal medical therapy (which varies, but often includes oral steroids), with surgery employed to treat recalcitrant disease, including addressing the olfactory cleft carefully, if involved with polyps [9] . New selective inflammatory inhibitors, and/or new topical delivery methods, may provide future options.
Post-viral olfactory disorder: at present, there are no accepted treatments. Is this damage that has reduced the basal stem cell pool so that neuron replacement is no longer maintained? Or is there some level of ongoing inflammatory damage impairing neuron and/or basal cell function? New topical intranasal therapies aimed at treating these etiologies need to be developed and tested. One treatment option that is currently offered is olfactory training therapy [36] [37] [38] . Olfactory training therapy involves intentional repeated exposure to odorants in an effort to stimulate recovery of function. A typical protocol has subjects use 4 different odors and practice sniffing each for about 15 s twice daily for several weeks [36] . The precise mechanism of action is unclear, but there is ample basic science evidence supporting activity-dependent mechanisms of neuronal survival or synaptic remodeling that might result in functional improvement.
Post head trauma olfactory loss: at present, there are no accepted treatments. Pathophysiology is thought to involve stretching or shearing of olfactory fibers projecting from the nose across the cribriform to connect to the olfactory bulbs, with subsequent neuron death. However, olfactory basal stem cells normally can replace neuron loss by generating new neurons. Ongoing sensory loss following head trauma must, therefore, involve other pathology, such as damage to the olfactory bulb or central pathways, or reactive glial scarring intracranially, which might prevent new axons from establishing synaptic connections within the olfactory bulb glomeruli. In a mouse model of head trauma, the anti-inflammatory/ anti-apoptotic agent minocycline showed promise at preventing olfactory loss, if administered at the time of damage [39] . However, studies so far have not shown efficacy in humans [40] . Novel drugs, perhaps aimed at reducing degeneration or preventing glia scar formation, are needed. Olfactory training therapy may be of benefit as well [37] . Presbyosmia: although the etiology remains unclear, age-related olfactory decline is likely to be a basal stem cell problem, at least in part. Future strategies aimed at stimulating or replacing basal stem cells may be useful, as discussed. For instance, evidence for reduced NPY in aged mice, or the role for other signaling pathways in basal cell regulation, suggests directed use of appropriate agonists may be helpful. Alternatively, cell-based therapies might be plausible, if an appropriate cell source and pre-clinical trials prove feasibility. As with other sensorineural losses, olfactory training therapy may be considered, although data for this specific indication are not available.
Conclusions
Olfactory disorders represent a significant clinical challenge. Considerable research has been directed at understanding olfactory physiology, including cellular and molecular mechanisms involved in odor transduction, olfactory neuron function, olfactory tissue maintenance, and basal stem cells responsible for olfactory renewal. Furthermore, research has provided new insights into the pathophysiology contributing to certain olfactory disorders, including ciliopathies, sinusitis, and presbyosmia. By maximizing therapies for treatable causes of hyposmia, such as sinusitis and inflammation, excluding other serious pathology via imaging studies, providing supporting adjuncts such as olfactory training therapy, and discouraging ineffective treatments, patients can benefit. Finally, basic research exploring viral gene therapy and stem cell work suggest the feasibility of other novel treatments for sensorineural anosmia.
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